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We propose a novel approach to stably immobilize gold nanoparticles (AuNPs) on a plastic substrate and
demonstrate that the modified substrate is also capable of immobilizing biomolecules. To immobilize
citrate-capped AuNPs, an acrylic substrate was simply dip-coated in a functional polymer solution to
decorate the outermost surface with amino groups. Electrostatic interactions between AuNPs and the
amino groups immobilized the AuNPs with a high density. The AuNP-modified acrylic substrate was
transparent with a red tint. A heat treatment promoted the formation of amide bonds between carboxy
groups on the AuNPs and amino groups on the substrate surface. These covalent bonds stabilized the
immobilized AuNPs and the resulting substrate was resistant to washing with acid and thiol-containing
solutions. The surface density of AuNPs was controlled by the surface density of amino groups on the
substrate surface, which was in turn controlled by the dip-coating in the functional polymer solution. We

attempted to immobilize functional biomolecules on the AuNPs-functionalized plastic surface by two
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Accepted 25th June 2021 different approaches. An enzyme (horseradish peroxidase) was successfully immobilized on the AuNPs
through amide formation and 5'-thiolated DNA was also immobilized on the AuNPs through S—Au

DO!: 10.1039/d1ra03902d interactions. These chemistries allow for simultaneous immobilization of two different kinds of
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Introduction

Since the end of the last century, many studies have reported
a variety of physical and chemical properties of metal nano-
particles that are promising for potential applications in
optical, electronic, chemical, and biomedical fields. For
example, gold nanoparticles (AuNPs) have strong absorption in
the visible light region, which arises from surface plasmon
resonance (SPR).* The SPR phenomenon of AuNPs has been
widely used in a number of analytical, optical, and biochemical
studies. Although there have been many comprehensive studies
of colloidal AuNPs in solution, there have been a limited
number of works examining the great potential of two dimen-
sional (2D) assemblies of monodisperse AuNPs on solid
substrates. Integration of the functional properties of metal
nanoparticles on a solid surface would enforce electronic and
optical devices.>* Several groups showed promise for
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biomolecules on a plastic substrate without loss of their functional properties.

applications in analytical and electronic devices: electro-
chemical impedance spectroscopy,® sensitive electrochemical
detection,® surface-enhanced Raman scattering,”® biosens-
ing,>"* memory devices,">** cell scaffolds,” asymmetric func-
tionalization of AuNPs,'*" catalysts,"” and conductive
surfaces.” These studies are distinct from those of simple
deposition of AuNPs on a surface.”**> The chemistry of AuNPs
immobilization is classified as an electrostatic interaction,*>3%7
S-Au bonds,"**?*7** other covalent bonds,"*** or hydrophobic
interactions.” In many reports, the surfaces of glass and Si
substrates are functionalized with various silane coupling
agents to create interactions between AuNPs and the function-
alized surfaces.*® The well-established synthesis of AuNPs uses
tetrachloroauric acid and citric acid to produce a colloidal
solution of citrate-capped AuNPs. Because of the negative
surface charge of the AuNPs, electrostatic interactions are most
frequently used to immobilize AuNPs on the functionalized
surfaces of solid substrates.*

Despite many studies of immobilization on glass and Si
substrates, there have been few reports describing AuNPs
immobilization on polymeric (plastic) substrates.'>**** Plastic
substrates are typically transparent, disposable, lightweight,
and easy to mold. These characteristics are beneficial for
applications of 2D arrays of immobilized AuNPs in biosensing,
electrical devices, cell culturing, and medical diagnostics. We
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have previously reported an approach based on functionaliza-
tion with amino and carboxy groups at the outermost surface of
a plastic substrate by dip-coating with a functional polymer.3¢-3*
This method allowed control of the surface density of these
functional groups on the substrate and was applicable to
a variety of plastic substrates. In the present study, we aimed to
establish a simple approach for stably immobilizing AuNPs on
a surface of a transparent plastic substrate at a controlled
density. A plastic substrate was functionalized with amino
groups on its surface by the dip-coating approach and AuNPs
were immobilized on the surface at a high density. Investiga-
tions with different washing solutions indicated that the elec-
trostatic interactions alone were not sufficient to achieve stable
immobilization; however, the formation of a covalent bonds
between carboxy groups of AuNPs and amino groups of the
substrate surface stabilized the AuNPs on the surface. There-
fore, we succeeded in covalent immobilization of biomolecules
on the AuNPs-immobilized plastic substrate based on two
different chemistries.

Experimental
Materials

Synthesis of monomers and the functional polymer (termed
PMBA, Fig. 1), synthesis of AuNPs, quantification of amino
groups on a surface and surface morphology observation are
described in the ESL.}

Dip-coating of a plastic substrate with a functional polymer
(PMBA) to display amino groups on its surface®***

An acrylic substrate (1 cm x 1 cm, 0.5 mm thick) was dip-coated
with a 3 wt% PMBA solution to introduce amino groups on its
surface. PMBA was dissolved in ethyl acetate at 3 wt%. An acrylic
substrate was immersed in the polymeric solution for a few
seconds and dried overnight at 25 °C in a vacuum chamber.
Amino groups protected by tert-butyloxycarbonyl (Boc) groups
on the dip-coated acrylic substrate surface were deprotected
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Fig. 1 Schematic illustration of the processes of AUNPs immobiliza-

tion on a plastic substrate and subsequent biomolecule
immobilization.
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with 4 M aqueous HCI (2 mL) overnight at 40 °C to expose amino
groups on the outermost surface.

Immobilization of AuNPs on acrylic substrate surface by
electrostatic interactions

A colloidal solution of AuNPs (pH 5-6) was prepared as reported
previously (ESIf).*® The immobilization of AuNPs was per-
formed by immersing the substrate in a AuNPs colloidal solu-
tion and the solution was gently mixed for 30 min at 25 °C. The
substrates were slowly drawn from the solution and dried at
100 °C overnight.

Before and after drying the substrates, the immobilization
stability of the AuNPs was examined by immersing the
substrates in a washing solution and shaking it for 1 h at 25 °C.
Absorption spectra of the substrates were measured with
a spectrophotometer (V-630, JASCO, Tokyo, Japan). Two
different aqueous washing solutions were used: 5 mM dithio-
threitol (DTT) and 0.1 M HCI solutions. The names of the
samples are summarized in Table 1.

Surface morphology observation of AuNPs-immobilized
substrates

Surface morphologies of the substrates were observed with
a field-emission scanning electron microscope (FE-SEM, JSF-
7500F, JEOL, Tokyo). All SEM images were collected at an
acceleration voltage of 7 kV and an emission current of 10 pA.

FT-IR measurements

FT-IR measurements of the substrates surface were performed
with an FT-IR spectrometer (Nicolet™ iS50, Thermo Fisher
Scientific), equipped with an MCT detector. The measurements
were performed with a p-polarized IR beam and an optical set-
up with a single reflection diamond ATR accessory (Golden
Gate™, Specac, Orpington, UK).

Immobilization of horseradish peroxidase on AuNPs-
immobilized substrate*’

AuNPs-immobilized substrates were washed three times with
Milli-Q water and immersed in 2 mL of Milli-Q water containing
5 mM N-hydroxysuccinimide and 10 mM water-soluble carbo-
diimide and shaken for 30 min at 25 °C. The substrates were
immersed in phosphate buffer (0.1 M, pH 7.4, 2 mL) containing
0.3 mg mL~" horseradish peroxidase (HRP) and 0.15 M NaCl
and shaken for 2 h at 25 °C. The substrates were washed three
times with phosphate buffer (0.1 M, pH 7.4) containing
0.05 vol% Tween-20 and 0.15 M NaCl, and then washed twice
with Milli-Q water. The enzymatic activity of HRP on the
substrate surface was measured with a mixture of 0.1 mL
phosphate buffer and a 0.9 mL ELISA-POD substrate kit con-
taining 2,2’-azinobis[3-ethylbenzothiazoline-6-sulfonic acid]-
diammonium salt (ABTS) (Nakarai Tesque, Kyoto, Japan). A
100 pL portion of the reaction solution was periodically with-
drawn and transferred to a UV/vis microplate reader to measure
the absorbance at 405 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Sample names
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Sample name Description

Boc-substrate

NH,-substrate

(Washing solution)-AuNP-substrate
A-AuNP-NH,-substrate

Substrate displaying Boc-protected amino groups

Substrate displaying amino groups

A AuNP-substrate was washed with a washing solution before drying.

After immobilization of AuNPs on a substrate, a substrate was heated and dried at 100 °C overnight.

(Washing solution)-A-AuNP-NH,-substrate A AuNP-substrate was washed with a washing solution after drying at 100 °C.

Immobilization of SH-DNA on AuNPs-immobilized substrate*

Prior to DNA immobilization, 5'-thiolated DNA (19-mer, 84.3
nmol) was dissolved in 843 pL of sterile water. A DNA solution
(62.5 pL) was well mixed with 0.1 M DTT solution in 50 mM
phosphate buffer (pH 7.0, containing 1 M KCl) in a microtube.
The reduced 5'-thiolated DNA was purified using a NAP-5
column (GE-Healthcare, Piscataway, NJ) with 50 mM phos-
phate buffer (pH 7.0, containing 1 M KCl). The DNA solution
(500 pL) eluted from a NAP-5 column was diluted with phos-
phate buffer to a concentration of 2.5 uM 5'-thiolated DNA in
50 mM phosphate buffer containing 1 M KCI. A solution of
reduced 5'-thiolated DNA (100 puL) was then loaded as a droplet
onto the surface of a AuNPs-immobilized substrate. After
incubation for 2 h at 25 °C, the substrates were washed three
times with phosphate buffer (50 mM containing 1 M KCl, pH
7.0). A solution of the complementary DNA strand conjugated
with fluorescein isothiocyanate (FITC) at the 5" end (2 uM in 8x
saline sodium citrate (SSC) buffer of 100 uL) was loaded onto
the DNA-immobilized surface. The substrate with a fluorescent
DNA solution was heated at 80 °C for 10 min and then incu-
bated in a humidity chamber at 40 °C overnight. This procedure
was used for the DNA hybridization. After washing the substrate
with excess 8 x SSC buffer, the substrate was immersed in fresh
phosphate buffer (0.1 M, pH 7.6, 2.0 mL) for 10 min at 90 °C to
dissociate the DNA duplex. The FITC-labeled DNA liberated in
the supernatant was measured with a fluorescent spectropho-
tometer (Aex = 495 nm, Aey, = 515 nm) at 25 °C.

Results and discussion

Amino group functionalization of an acrylic substrate surface
by dip-coating with PMBA

We prepared an acrylic substrate displaying amino groups on its
surface, as reported previously. Briefly, a random acrylic
copolymer, having Boc-protected amino groups (termed PMBA,
Fig. 1), was synthesized by free-radical polymerization of methyl
methacrylate and 2-(ter&-butoxycarbonylamino)ethyl methacry-
late (Boc-AEMA) (Fig. S1t). M,, and M,,/M,, of PMBA were 7.3 X
10" and 1.5, respectively. Elemental analysis revealed that the
monomer composition ratio (MMA/Boc-AEMA) was 9 : 1 (Table
S1t). Since our previous work demonstrated that dip-coating
with PMBA having a 9:1 monomer ratio provided a large
amount of amino groups on the outermost surface,*® this
monomer ratio was adopted in the present study. An acrylic
substrate was dip-coated with a 3 wt% PMBA solution in ethyl
acetate and dried. The coated PMBA was not detached from

© 2021 The Author(s). Published by the Royal Society of Chemistry

a substrate surface in an aqueous solution. The Boc protecting
groups induced surface segregation of amino groups in PMBA
on the outermost surface because hydrophobic moieties of
a polymer are preferentially segregated at the air/polymer
interface to minimize its surface energy.*® After dip-coating
and drying, amino groups were displayed on the surface by
deprotection of the Boc groups with 4 M HCI aqueous solution.
Prior to immobilization of AuNPs, a cleavable fluorescent
compound (FITC-S-S-COOH, Fig. S21) was used to quantify the
surface density of amino groups on the surface of the substrate
(Fig. S37).***® FITC-S-S-COOH has a reactive carboxy group and
a cleavable disulfide bond. FITC-S-S-COOH conjugated with
amino groups on the surface in the presence of a condensation
agent. Reduction of the disulfide bond released the fluorophore
into the solution. The amount of the immobilized fluorescent
compound was quantified with a conventional fluorescence
spectrophotometer. The surface of the substrate dip-coated
with PMBA displayed amino groups at a density of approxi-
mately 27 pmol cm ™2 Assuming that the amino groups were
displayed on the substrate surface in an evenly spaced manner,
the spacing between amino groups was calculated to be 2.5 nm.
SEM observations showed that there were no foreign particles
on the surface of the dip-coated substrate and the surface
remained smooth after dip-coating (Fig. S4}). Notably, the
acrylic substrate remained transparent after dip-coating and
deprotection (Fig. S57).

Immobilization of AuNPs on the surface of the acrylic
substrate

AuNPs were synthesized from tetraauric acid and citric acid (Au-
colloidal solution). TEM observations revealed that the mean
particle size of the as-synthesized AuNPs was 13 nm (Fig. 2a).
Fig. 2b shows the absorption spectrum of the colloidal solution.

500 600 700
Wavelength [nm]

Fig. 2 (a) TEM image of AuNPs synthesized in the present study. (b)
Absorption spectrum of Au-colloidal solution.
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The maximum absorption wavelength was 520 nm, which
indicates the formation of AuNPs 15 nm in diameter.*” The aim
of the present study was to immobilize AuNPs uniformly and
stably on the surface of an acrylic substrate. Three different
types of surfaces were examined for the AuNPs immobilization:
a bare acrylic substrate (termed bare substrate), an acrylic
substrate coated with PMBA without deprotection (termed Boc-
substrate), and an acrylic substrate coated with PMBA and Boc-
deprotected (displaying NH, groups on the surface, termed
NH,-substrate). These three substrate types were immersed in
an Au-colloidal solution and then immersed in the washing
solutions.

All the substrates tested were colored reddish or purplish on
visual inspection, which was derived from the color of AuNPs
(insets of Fig. 3a and S67). The bare and Boc-substrates had
a heterogeneous purplish color, indicating that AuNPs were
aggregated on these surfaces. The NH,-substrate had a reddish
and relatively homogeneous tint, indicating that AuNPs were
uniformly immobilized without aggregation. The surfaces of the
AuNPs prepared in the present study were covered with citric
acid. The electrostatic interactions between these carboxy
groups and the amino groups displayed on the surface of the
substrate contributed to the uniform immobilization of AuNPs
on the surface. The absorption spectra also confirmed the
immobilization of the AuNPs (Fig. 3b).

All the AuNPs-immobilized substrates had a strong absorp-
tion band at 500-600 nm. The AuNPs immobilized on the bare
substrate had a red-shifted and broad absorption peak (peak at
564.5 nm, from an average of 4 substrates) compared with the
original spectrum of the Au-colloidal solution (Fig. 2b). This
result is consistent with aggregation of the AuNPs on the
surface of a bare substrate. The Boc-substrate immobilized
AuNPs had an absorption peak at 534.5 nm. The absorption

a No washing

Bare

Boc-substrate

NH,-substrate
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spectrum of the NH,-substrate immobilizing AuNPs had
a sharp and intense absorption at 531.5 nm, which was close to
that of the Au-colloidal solution. Lopez-Perez et al. reported that
electrostatic interaction of citrate-capped AuNPs and a cationic
biopolymer red-shifted and broadened the absorption spectrum
of AuNPs.” The electrostatic interaction in the present study
would also account for the slightly red-shifted and broadened
absorption spectrum of AuNPs on the NH,-substrate.

Observations by SEM imaging (Fig. 3a), showed a surface
morphology that was consistent with the above results. Whereas
AuNPs were aggregated and heterogeneously distributed on the
surfaces of bare and Boc substrates (no washing in Fig. 3a),
a large amount of non-aggregated AuNPs were homogeneously
distributed over the NH, substrate before washing.

We washed the AuNPs-immobilized substrates with two
different aqueous solutions (DTT solution and HCI solution) to
investigate the immobilization stability of the AuNPs. Visual
observations of the substrates (insets of Fig. 3a) revealed that
the color of bare and Boc-substrates with immobilized AuNPs
were clearly diluted after washing. SEM observations demon-
strated that washing with DTT and HCl solutions detached large
portions of AuNPs from the surfaces of the bare and Boc-
substrates and that washing with DTT and HCI solutions
seemed to induce aggregation of AuNPs on the surfaces.
Washing with DTT solution also induced aggregation of AuNPs
on the NH,-substrate but a small portion of AuNPs was
detached. Washing with HCI solution detached a considerable
portion of AuNPs from the NH,-substrate. The decrease and red
shift of the absorption spectra of the substrates also indicated
detachment and aggregation of AuNPs induced by washing with
DTT and HCI solutions. The aggregation of AuNPs on the
surfaces indicated migration of AuNPs induced by the washing
procedure. These investigations revealed that the AuNPs were

T

o
o
@

o
=]
o

— AuNP-bare-
~(DTT)-AuNP-bare

Absorbance -]
> o
g

: =

" |—(HC)-AuNP-bare

o
=]
~

0 T T
400 S00 600 700
Wavelength (nm)
0.06

006 —AuNP-Boc—
(11172 E— ~-{DTT)-AuNP-Boc-
o —

| —(HC)-AuNP-Boc-

Absorbance [-]
{=]
5]

0 T T
400 S00 600 700
Wavelength (nm)

012
T o014
2 0081
=
S 0.06
o 004
§72] -
£ 0024—"\_

0 —
400 S00 600 700
Wavelength (nm)

—AUNPANH,-
~—{DTT)-AUNP+H,~
—(HCI-AUNPHH -

200 nm

Fig. 3 AuNPs-immobilized substrates. (a) SEM images of AuNPs-immobilized substrates. Insets are photographs of the substrates (see also

Fig. S67). (b) Absorption spectra of AuNPs-immobilized substrates.
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homogeneously immobilized on the surface of a NH,-substrate
with a high density owing to electrostatic interactions.

Effect of immersion time on AuNPs immobilization

The immersion time in an Au-colloidal solution was investi-
gated for the NH,-substrate. The immersion time was varied
from 5 to 60 min. The immobilized of AuNPs was evaluated
from the absorption spectra and SEM observations. Time
course absorption spectra (Fig. 4a) showed that the peak around
525 nm increased as the immersion time was prolonged.
Although there was a small red shift in the maximal absorption
peak, the absorption spectrum after 60 min of immersion was
comparable to that after 30 min of immersion. The small
difference in the immobilization of AuNPs between 30 and
60 min immersion, suggests that the AuNPs aggregated to
a small extent for the 60 min immersion. SEM observations
(Fig. 4b) also revealed that the coverage of AuNPs on the surface
increased as the immersion time increased. The substrate
surfaces were densely covered with AuNPs after 30 and 60 min
immersion. Some aggregates of AuNPs were found on the
surface after 60 min of immersion, which agreed with the
results of the absorption spectrum. Thus, immersion for 30 min
in the Au-colloidal solution was sufficient for the AuNPs
immobilization and used in the following experiments.

Formation of covalent bonds between AuNPs and a NH,-
substrate

The above experiments are based on the electrostatic interac-
tions of AuNPs immobilized on a NH,-substrate. Washing

a oa1s
i )
9 0.1 o =5 min
g =15 min
S 0.05 - ===30 min
2 _/\ ——60 min
0

400 500 600 700
Wavelength [nm]

5 min 15 min

Fig. 4 Effect of immersion time on the AuNPs immobilization on an
NH,-substrate. (a) Absorbance spectra of NH,-substrates immobiliz-
ing AuNPs. (b) SEM observation of NH,-substrates immobilizing
AuNPs.
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experiments revealed that the interaction between the AuNPs
and the NH,-substrate surface was reversible. Hence, we
attempted to increase the immobilization stability of the
AuNPs. The AuNP-immobilized NH,-substrate was dried at
100 °C overnight to form amide bonds between carboxy groups
of the AuNP and amino groups on the substrate (A~AuNP-NH,-
substrate). We found that drying at 100 °C prevented detach-
ment of AuNPs from the surface even after washing with DTT
and HCI aqueous solutions (Fig. 5a and b). The washing
procedures did not induce aggregation, which confirms that
there was no migration of AuNPs. Indeed, there was little
difference in the appearance of the A-AuNP-NH,-substrates
between before and after washing (Fig. 5c).

FT-IR measurements showed an absorbance peak at
1620 cm™ " only for the A-AuNP-NH,-substrate (Fig. 6), which
suggested the formation of amide bonds.**** The relatively
small and broad absorbance peak would be due to the small
amount of amide bonds present only on the substrate surface.
Hence, drying at 100 °C led to the formation of an amide bond
between a carboxy group of a AuNP and an amino group on the
surface of the substrate. Although Lopez-Perez et al. reported
that the covalent linkage (amide formation) between citrate-
capped AuNPs and NH, groups of a biopolymer largely shifted
the absorption wavelength typical of AuNPs,* we did not
observe a significant change in the absorption spectrum before
and after heat treatment. This would be because only a limited
portion (limited contact area) of carboxy groups on AuNPs
involved in the amide formation. When the A-AuNP-NH,-
substrate was stored in the dry state at room temperature for 5
days, there observed no significant difference in the absorbance

<ot (HCl) ~A-AUNP—NH,—

- (DTT) ~A-AUNP-NH,—
—A-AUNP-NH,~

~

0 T T
400 500 600 700
Wavelength (nm)

C No washing

Fig. 5 (a) SEM observation of AuUNP—NH,-substrates before and after
heat treatment (A). (b) Absorbance spectra of A-AuNP-NH,-
substrates after washing. (c) Photographs of A—AuNP—NH,-substrates
before and after washing.
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Fig. 6 FT-IR spectra of AuNPs-immobilized substrates before and
after heat treatment.

spectra. The amide bond formation contributes to the high
stability of the immobilized AuNPs. The following experiments
were performed using a A-AuNP-NH,-substrate.

Control of AuNPs immobilization by the surface-displayed
amino groups

In our previous study, we reported that the amount of amino
groups displayed on the acrylic substrate surface can be
controlled by mixing solutions of PMBA and PMMA for dip-
coating.** Because the amount of surface-displayed amino
groups is proportional to the weight ratio of PMBA in the
mixture, the amount of surface-displayed amino groups and the
mean spacing of amino groups were estimated (Table 2).

We investigated control of the AuNPs immobilization by
varying the amount of surface-displayed amino groups.
Substrate samples were prepared by dip-coating with mixed
solutions of PMBA/PMMA (1:0, 1:9, 1:19, and 1: 99 w/w).
The substrates were immersed in the Au-colloidal solution
and dried at 100 °C overnight. The amount of immobilized
AuNPs decreased as the PMBA content decreased in the PMBA/
PMMA solution (Fig. 7). Although the number of immobilized
AuNPs decreased as the PMBA/PMMA ratio decreased, the
number of immobilized AuNPs was not directly proportional to
the surface density of NH, groups (Table 2). Since the mean
diameter of a AuNP was 13 nm and the estimated mean spacing
of NH, groups was less than 13 nm except for the PMBA/PMMA
ratio of 1:99, more than one NH, group were used to
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PMBA/PMMA ratio in a polymer solution for dip-coating
1/19

1/0 1/9 1/99

Fig. 7 SEM observation of A-AuNP-NH,-substrates prepared with
various ratios of PMBA/PMMA in a polymer solution.

immobilize a single AuNP when the PMBA/PMMA ratio was
1:0,1:9,and 1:19. When the PMBA/PMMA ratio was 1 : 19,
the amount of immobilized AuNPs was obviously small, sug-
gesting that multipoint binding is required for the AuNP
immobilization. Hence, the non-stoichiometric behavior was
observed towards AuNPs immobilization.

Immobilization of horseradish peroxidase (HRP) on AuNPs-
immobilized substrates

Gold-deposited surfaces have been used to immobilize
biomolecules and ligands for electrochemistry, biosensing, and
diagnostics; thus, the AuNPs-immobilized substrate might be
used to immobilize biomolecules. Here, we attempted to
immobilize horseradish peroxidase (HRP) on a AuNPs-
immobilized substrate. As mentioned above, carboxy groups
derived from citrate were displayed on the immobilized AuNPs.
Because HRP has two externally exposed amino groups, the
carboxy group of the AuNPs could conjugate with N-hydrox-
ysuccinimide (NHS) in the presence of a condensation agent
(water-soluble carbodiimide) and then the amino groups of
HRP reacted with the NHS ester to immobilize HRP on the
AuNPs-immobilized substrate (Fig. 8a). Hydrogen peroxide and
ABTS were used as substrates to measure the HRP activity.
Fig. 8b shows the ABTS oxidation catalyzed by the HRP immo-
bilized on the substrates. All the substrates underwent the HRP
immobilization process. The bare substrates had negligible
HRP activity. The NH,-substrate also showed negligible HRP
activity. These results suggest that there was negligible
nonspecific adsorption of HRP on bare and NH,-substrates. The
A-AuNP-NH,-substrate had remarkable activity, indicating
successful immobilization of active HRP on the substrate
surface. It should be noted that the HRP immobilization did not

Table 2 PMBA contents in a polymer solution, amounts of surface-displayed amino groups, and number of immobilized AuNPs*

PMBA/PMMA (weight ratio) Surface density of NH, groups

Estimated mean spacing

in a polymer solution [pmol ecm 2] of NH, groups [nm|] Immobilized AuNPs” (/um?)
PMBA/PMMA = 1/0 27 2.5 943

PMBA/PMMA = 1/9 2.7 7.8 556

PMBA/PMMA = 1/19 1.4 11 303

PMBA/PMMA = 1/99 0.27 25 49

“ surface density of the NH, groups is proportional to the PMBA content in a polymer mixture.*  Number of AuNPs was counted from the SEM

images (Fig. 7).
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Fig. 8 (a) Schematic illustration of the immobilization of horseradish
peroxidase (HRP) on a AuNPs-immobilized substrate. (b) ABTS oxida-
tion catalyzed by HRP immobilized on a substrate. (c) Effect of the
PMBA content on the ABTS oxidation catalyzed by HRP immobilized
on a substrate.

cause a significant change in absorbance spectrum (around 525
nm).

In the above investigation, we demonstrated the density
control of the immobilized AuNPs by varying the PMBA content
in the dip-coating solution. Here, we attempted to control the
HRP immobilization by controlling the amount of immobilized
AuNPs. The PMBA/PMMA ratios (1:0, 1:19, and 1:99 in
weight) in a polymer mixture were used. The HRP activity
decreased as the PMBA content decreased (Fig. 8c). These
results indicate that the amount of immobilized HRP decreased
as the amount of AuNPs on the substrate surface decreased.

Immobilization of 5'-thiolated DNA (SH-DNA)

Thiol-containing substances are widely used to modify a gold
substrate because of its unique interaction with a gold surface.
We used this interaction to immobilize 5'-thiolated DNA (SH-
DNA, 20-mer) on the A-AuNP-NH,-substrate (Fig. 9a). The
immobilized SH-DNA was quantified by fluorescently labeled
complementary DNA (FITC-DNA). After the duplex formation of
SH-DNA and FITC-DNA, the complementary strand was liber-
ated to the solution by heating, and the fluorescence was
measured. Fig. 9b shows that SH-DNA was immobilized only on
the A-AuNP-NH,-substrate and that the amount of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Schematic illustration of the immobilization of SH-DNA on
a AuNPs-immobilized substrate. (b) Immobilization of SH-DNA on
bare, NH,- and AuNPs-immobilized substrates.

immobilized SH-DNA was 24 pmol cm >, which was compa-
rable with our previous reports.***

Non-thiolated DNA was also used for the DNA immobiliza-
tion instead of SH-DNA and the duplex formation with FITC-
DNA was evaluated. We did not observe FITC-DNA liberated
from the bare, NH,—- and A-AuNP-NH,-substrates, meaning no
DNA duplex formation on the substrates in the absence of SH-
DNA.

Simultaneous immobilization of HRP and SH-DNA

Co-immobilization of multiple functional molecules and
nanosized assemblies extends the potential of surface engi-
neering, especially in sensing, biotechnology and -catalyst
engineering.***® Finally, we attempted to immobilize both
molecules on the same substrate surface (Fig. 10a). First, HRP
was immobilized on a A-AuNP-NH,-substrate and the HRP
activity was measured before immobilization of SH-DNA
(Fig. 10b). Then, SH-DNA was immobilized on the surface of
the substrate and quantified by FITC-DNA to reveal that SH-
DNA was immobilized on the surface at 70 pmol cm >
(Fig. 10c). Again, the HRP activity was measured. Fig. 10b shows
the ABTS oxidation catalyzed by immobilized HRP before and
after the immobilization of SH-DNA. Both HRP and SH-DNA
were successfully immobilized on the same substrate surface.
However, the oxidation of ABTS before immobilization of SH-
DNA was 3 times as fast as that after the immobilization of
SH-DNA. Because SH-DNA and ABTS are negatively charged,
electrostatic repulsions between them likely prevent access of
ABTS to the substrate surface, resulting in slow oxidation of
ABTS.

The amount of the SH-DNA immobilized in the presence of
HRP (70 pmol cm™?) was greater than that in the absence of
HRP (24 pmol em2). The surface of a A~AuNP-NH,-substrate
was negatively charged owing to the carboxy groups on the
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Fig. 10 (a) Schematic illustration of simultaneous immobilization of

SH-DNA and HRP on a AuNPs-immobilized substrate. (b) ABTS
oxidation catalyzed by HRP immobilized on a substrate. (c) SH-DNA
immobilized on a substrate.

AuNPs and SH-DNA being negatively charged, which inhibited
access of SH-DNA to the surface. To immobilize HRP on the
surface, a portion of the carboxy groups were transformed to
amide. HRP (pI 7.2) is electrically neutral under the present
conditions (pH 7.4).* This effect reduced the electrostatic
repulsion between the surface and SH-DNA, resulting in a large
amount of the SH-DNA immobilizing in the presence of HRP. It
should be noted that we did not observe any DNA immobiliza-
tion on the HRP-immobilized surface when non-thiolated DNA
was used instead of SH-DNA.

Conclusions

In the present study, we prepared a plastic substrate displaying
amino groups on its surface by simple dip-coating with a func-
tional polymer solution and succeeded in immobilizing AuNPs
on the surface with a high density. A heat treatment formed
amide bonds between the carboxy groups on AuNPs and amino
groups on the substrate surface. These covalent bonds stabi-
lized the immobilized AuNPs, and the resulting substrate was
resistant to washing with acid and thiol-containing aqueous
solutions. The acrylic substrates with immobilized AuNPs were
transparent with a red tint. The surface density of amino groups
was controlled on the basis of the composition of a functional
polymer solution used for dip-coating, which in turn controlled
the surface density of immobilized AuNPs. We finally succeeded
in immobilizing biomolecules onto the AuNPs-immobilized
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plastic surface by two different chemistries. The enzyme
(HRP) was immobilized on the AuNPs by amide formation and
5'-thiolated DNA was immobilized on the AuNPs by S-Au
interactions. These reactions allowed for simultaneous immo-
bilization of two different kinds of biomolecules onto a plastic
substrate, which would extend the potential of (bio)catalysts
immobilized on a surface.”® This AuNPs-immobilized on
a plastic substrate is transparent, lightweight, disposable, and
capable of readily immobilizing biomolecules, suggesting great
potential in biosensing and diagnostics.
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